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Abstract 
The performance of a gasification process is strongly affected by how to use the sensible heat of the 
syngas. In this paper, a mathematical model is proposed that simultaneously optimizes a biomass and coal 
co-gasification process together with its heat recovering system. Proper utilization of the sensible heat of 
the hot syngas reduces the amount of oxygen feed and increases the efficiency of the overall process. 
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1. Introduction 
The syngas from a gasification process has two forms of energy. The first form is the calorific value 
that is reflected by the cold gas efficiency (CGE) and the second form is the sensible heat that is released 
when the syngas is cooled. Most of the gasification study tended to maximize CGE and often ignore how 
the use of sensible heat would affect the performance of a gasifier. In this paper, the overall energy 
efficiency is measured with both forms of energy in the syngas. A mathematical model of a biomass and 
coal co-gasification process is formulated that optimizes the overall process with consideration of both 
CGE and the uses of sensible heat of the hot syngas. Feed preheating is an effective way to improve 
efficiency of gasification. Yang et al. concluded that gasification of biomass using high-temperature 
reagents is much more effective [1].A mathematical model developed in this work that simultaneously 
optimizes the reaction (i.e. minimization of Gibbs free energy) and the heat recovery system. 
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Nomenclature 
i, j Chemical components (e.g. H2, CO, CH4) in a feed or a product stream 
ܽ௜ǡ ௝ܽ Chemical atom (e.g. O, C, H, N, S) of the chemical components at a feed or a product stream 
ܩ Gibbs free energy of system, kJ 
߂ܩ௙ǡ௝଴   Standard Gibbs free energy of formation of component j, kJ/kmol  
ܲǡ ܶ Pressure and temperature of the system, Pa and K 
ܴ Universal gas constant, 8.314 kJ/kmol K 
ܪ௙ǡ௙௦ Enthalpy of formation of gasification feedstock (e.g. coal or biomass), kJ/kmol 
݄௙ǡ௜  Enthalpy of  formation of component i, kJ/kmol 
ܪ௣,ܪ௦ Preheating heat feed stock and sensible heat of syngas, kJ/kg feedstock 
ܳீிௐ Flow rate of gasification feed water (GFW), kmol/kg feedstock 
ݕ௜  Mole fraction of species i 
2. Gasification model 
At an equilibrium state of gasification, the total Gibbs free energy of the gasification product gases is 
minimized. The total Gibbs free energy is calculated as: 
ܩ ൌ σ ௝݊߂ܩ௙ǡ௝଴ ൅௝ σ ௝ܴ݊ܶ ݈݊ ܲ ൅ σ ௝ܴ݊ܶ ݈݊ ݕ௝௝௝                    (1) 
The reactions occurring in a gasifier are either endothermic or exothermic. The heat generated from the 
exothermic reactions is consumed by the endothermic reactions, and the rest is converted to the sensible 
heat of the syngas. The energy balance performed in the gasification process is given by: 
ܪ௣ ൅ ܪ௙ǡ௙௦ ൅ σ ௝݄݊௙ǡ௝௝ ൌ σ ݊௜݄௙ǡ௜௝                       (2) 
For a solid feedstock, De Souza-Santos [2] proposed the following equation for estimating its enthalpy of 
formation: 
ܪ௙ǡ௙௦ ൌ ܮܪܸ ൅ σ ܪ௙ǡ௝௝                (3) 
Atom balances are maintained with equation (4) 
σ ݊௜௜ ܽ௜ ൌ σ ௝݊௝ ௝ܽ                       (4) 
The model is to find a set of nj that minimizes G at a given T and P, subject to the constraints of mass and 
energy balances. 
3. Heat integration  
Oxygen gas feed is often required for coal or biomass gasification. The oxidization of feedstock 
generates heat for the reaction and maintains a high reaction temperature. Oxygen is also carried by the 
feedstock or comes with the feed water. Different feedstock requires different amounts of oxygen gas 
feed. The optimal oxygen to carbon ratio (O/C) is affected by composition of the feedstock, reaction 
conditions (e.g. temperature) as well as the amount of feed preheating. In general, the more the feed is 
preheated, the less the fed oxygen is required. Although the optimal oxygen to carbon ratio (O/C) often 
falls into a narrow range [3], the amount of oxygen gas feed has to be properly controlled. By combining 
the gasification model and suitable constraints of the heat integration, the feed rates, reaction conditions 
and the heating recovery system are simultaneously optimized using the following mathematical model. 
The modeling techniques proposed by Duran and Grossmann [4] are applied in this study. 
One of the possible heat recovery systems is shown in Figure 1 and Table 1 in which high temperature 
syngas is used for steam generation. Some of the steam is used for the reaction, some used for preheating 
oxygen feed and the rest is for export.  
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Table 1. Streams of process flow 
Stream Contents Enthalpy 
1 Gasification feedstock - 
2 Steam for gasification h2 
3 Preheated oxygen h3 
4 Steam to preheat oxygen h4 
5 Cooled steam h5 
6 Hot syngas h6 
7 Cooled syngas  h7 
8 H2O h8 
9 O2 h9 
10 Steam for export h10 
    Fig. 1. Heat integration process flow diagram 
For the heat recovering scheme in Figure 1, energy balances are restricted by the following constraints. 
The sensible heat of hot syngas is  
ܪ௦ ൌ σ ௝݊ሺ݄଺ǡ௝ െ ݄଻ǡ௝ሻ௝         (5)
The preheating heat for GFW and oxygen is calculated as 
ܪ௣ǡீிௐ ൌ ܳீிௐሺ݄ଶ െ ଼݄ሻ                (6) 
ܪ௣ǡைమ ൌ ܳைమሺ݄ଷ െ ݄ଽሻ                   (7) 
The flow rate of steam generated by the rest of sensible heat is  
ܳௌீ ൌ ுೞିு೛ǡಸಷೈିு೛ǡೀమሺ௛భబି௛ఴሻ                  (8) 
The process streams with supply and target temperatures, flow rates and heat capacities are obtained 
from the process model of which rigorous thermo-physical property models are applied [5]. Reaction and 
heat integration are automatically evaluated without prefixing the structure of the heat recovering system. 
By providing a minimum heat transfer approach temperature, the amount of heat recovery together with 
the amount of utility (i.e. steam) generation are estimated.   
4. Case study 
Sensible heat recovery of the Shell gasifier train (4.2Mpa, 1700K) [6] is accomplished through a duct 
cooler and a syngas cooler that lower the syngas temperature from 1700K to 589K.  The heat from syngas 
cooling is used for steam generation at 5.1MPa and superheated to 832K. The steam is used for the 
reaction, preheating reaction feeds and the rest is exported.  In this study, 20% sawdust is co-gasified with 
80% Illinois No. 6 coal of which ultimate analysis is shown in Table 2 and fed at a rate of 12,000kg/hr. 
The co-gasification lowers the carbon emission, reduces the cost for the feedstock and decreases the 
demand of oxygen feed. Assuming syngas is used for electricity generation at an efficiency of 45.7%, 
with costs and prices for feedstocks and the gasification products (i.e. steam and electricity) given in 
Table 3, the gasification process is optimized with or without the feed preheat. 
Results of this study are summarized in Table 3 and Table 4. Compared with the case without 
preheating, the optimized process with heat integration not only drives the optimal CGE from 79.32% to 
80.83% but also reduces a significant amount of oxygen gas feed. The composite curves of heat 
recovering system are shown in Fig. 2 that indicate amount of heat transfer and the temperature 
differences between the hot and cold streams. In this study, the minimal approach temperature is set at 
30K. In Figure 2, the large gap between the hot syngas and the steam indicates a potential of increasing 
the steam pressure from 51 bar to 100 bar which is shown in dashed lines for better profitability. 
5. Discussions and Conclusions 
A mathematical model is developed to optimize a biomass and coal co-gasification process with 
consideration of heat integration. By recovering heat from the hot syngas for steam generation and feed 
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preheating, the overall profit of the gasification process is maximized. The feed rates, the product rates 
and compositions, the level of feed preheat, the amount of utility generation, etc., are simultaneously 
optimized. By showing the composite curves of the heat recovery system, further potentials for process 
improvement can be identified. 
Table 2. Ultimate analysis (dry basis)  Table 3. Comparison of revenue with and W/O preheating 
  Illinois No. 6 Sawdust    Unit Price Revenue with preheating 
Revenue W/O 
preheating C 71.12% 50.54% 
H 5.06% 7.08%  Fuel 69.28 $/t -831.41 $/h -831.41 $/h 
N 1.41% 0.15%  GFW 5 $/t -5.51 $/h -3.55 $/h 
S 2.82% 0.57%  Oxygen 100 $/t -843.99 $/h -878.77 $/h 
O 7.75% 41.11%  Electricity 0.06 $/kWh 2106.36 $/h 2067.20 $/h 
Ash 11.84% 3.97%  Steam 8$/t 78.19 $/h 93.18 $/h 
HHV 30506 kJ/kg 20540 kJ/kg  Profit  503.65 $/h 446.65 $/h 
Table 4. Comparison of 2 cases 
 
Case with 
preheating 
Case W/O 
preheating 
O2 (kg/h) 8439.86 8787.75 
GFW (kg/h) 1101.34 709.96 
CH4 (kg/h) 36.27 33.43 
H2 (kg/h) 738.01 696.14 
CO (kg/h) 18457.46 18454.86 
CGE 80.83% 79.32% 
OO2/OH2O 8.62 13.93 
 
 
Fig. 2. Composite curves of heat integration case study 
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